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Abstract
This study theoretically examines the interaction of cobalt and nickel
metal atoms with the silanol silica surface in an attempt to better understand
fundamental chemical aspects of catalyst-support interactions. The calculations
employ spatially periodic density functional theory (DFT) as formulated in the
full-potential linearized augmented plane wave (FP-LAPW) approach and models
of the silica surface that resemble the fully hydroxylated (111) ~-cristobalite
surface. It is found that the most stable silica surface model includes hydrogen
bonded pairs of hydroxyl groups on the surface. Throughout, it is found that the
cobalt and nickel adsorbate complexes exhibit very similarly properties. The
energetically favorable adsorption of neutral ColNi forms stable structures with
the metal atoms coordinated to one or two hydroxyl group oxygen atoms. The
primary contribution to the adsorption energy is due to a stabilizing interaction of
the metal 4s orbitals with the unoccupied silica Si 3s - 0 2s/2p antibonding
orbitals of the underlying silica framework. If the adsorption of ColNi is coupled
with the removal of hydrogen from the surface hydroxyl groups and the release of
molecular hydrogen molecules, the adsorbed metal atoms become formally ionic
and the metal-silica interaction becomes even more energetically favorable. In
this case, the stabilizing interaction of the metal atoms with the surface is a
consequence of the admixture of the metal 3d bands with the oxygen 2p bands of
the surface oxygen atoms and is accompanied by a transfer of net spin density
I
from the metal atoms to the oxygen atoms. The stability of the adsorbed "ionic"
metals indicates a possible route to the formation of a stronger catalyst-support
interaction and may help to alleviate problems such as surface agglomeration of
metal catalyst atoms.
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I. Introduction
Catalysts composed of dispersed cobalt on silica or dispersed nickel on
silica have a wide range of catalytic properties and uses. In particular, such
materials are employed as catalysts in the amination of ethanol [1-3], where
supported metal particles are responsible for catalyzing the dehydrogenation of
the alcohol. It should be noted that experimental studies have determined that the
cobalt catalysts are more active than the nickel catalysts [1,2]. Also, silica
supported cobalt catalysts are widely employed to catalyze Fischer-Tropsch
reactions [4-7] and have recently been investigated for catalytic activity in the
production of carbon nanotubes [8].
An important aspect of any supported catalyst regards the so called
"metal-support interaction" and its effects on catalytic activity, selectivity and
stability [9-14], due to the fact that the choice of support material and its
interactions with the overlying metal can have dramatic affects on the
morphology and electronic properties of the catalytic metal particles. For
example, it is generally desirable to maximize the degree of metal dispersion and
minimize the occurrence of metal sintering. The structure of the catalysts consists
of small agglomerations of metal atoms with diameters on the order of a few
nanometers [15]. Due to the complex chemistry that takes place at the surface of
the support, elucidation of the chemical and physical interactions that are
responsible for the metal-support interaction is quite challenging. Many
3
experimental surface science techniques have been employed to study metal-
support interactions, including atomic force microscopy, low energy electron
diffraction, transmission electron microscopy, X-ray photoelectron spectroscopy
and other techniques [16]. In addition, theoretical studies, generally employing
density functional theory (DFT), have examined the interaction of nickel,
palladium, platinum and rhodium with the MgO surface [17-19], the interaction of
triosmium clusters with silica and alumina surfaces [20] and the interaction of
cobalt and nickel with silica and alumina surfaces [21-23].
Supported metal catalysts Co/Si02 and Ni/Si02 can be formed by various
preparation methods, including the use of precipitation, ion exchange or incipient
wetness impregnation to deposit the metal on the support surface, followed by
subsequent drying and reduction of the metal particles [24,25]. The most
commonly employed deposition method is incipient wetness impregnation,
whereby an aqueous metal salt is added to the carrier (support) [24]. The
impregnation procedure can be explained by a consideration of interfacial
coordination chemistry [26], where hydrated metal ions interact with the silica
carrier via surface sHanol groups [24,27]. Furthermore, experimental work has
revealed that the dispersion of nickel and platinum catalysts depends on the
degree of hydroxylation of the silica support [28-31]. It should also be noted that
surface sHanol groups have been found to affect surface reactions of silica with
bis(allyl) rhodium(III) [32]. Considering this experimental work, it can be
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concluded that surface sHanol groups have a significant effect on metal-silica
support interactions.
The current study aims to theoretically explore, at a fundamental level, the
interaction of cobalt and nickel with a silanol silica surface. Thus, the present
work examines the interaction of metal atoms with the silanol surface at low (less
than monolayer) coverage in order to elucidate the most basic metal-support
electronic interactions. This can be contrasted with the work of Ma et al., which
studied the interaction of cobalt and nickel with a siloxane silica surface, both at
low metal coverage [21] and at the onset ofmetal clustering [23].
II. Computational Method
The current study presents calculations performed within the theoretical
framework of density functional theory (DFT) [33]. In the DFT approach, all
electronic properties of a system, including the total energy, are functionals of the
total electronic density, which itself is a function of the coordinates of a single
electron. The ab-initio calculations proceed by a self-consistent-field (SCF)
process, solving the Kohn-Sham equations to determine the one-electron Kohn-
Sham orbitals [34,35]. In principle, DFT can correctly account for all ground state
electronic exchange and correlation effects within the Born-Oppenheimer
approximation. In practice, however, the accuracy of a calculation is limited by
5
the incomplete knowledge of the universal functional, which describes the
dependence of the total electronic energy ?n the total electron density.
Furthermore, calculations are limited by the choice of basis set employed.
The present calculations utilize DFT for the study of spatially periodic
systems. In this case, periodic boundary conditions are imposed and the Kohn-
Sham orbitals are symmetrized to form the Bloch crystal orbitals. The calculations
were performed using the WIEN97.9 code, which employs the full-potential
linearized augmented plane wave (FP-LAPW) approach to apply DFT to spatially
periodic systems [36]. The FP-LAPW method partitions real space into two
regions: (i) atomic spheres ("muffin tins") centered at the atomic nuclei and (ii) an
interstitial region, which is the complement of the atomic spheres. Inside each·
atomic sphere of radius Rut, a linear combination of radial functions and their
energy derivatives modulated with spherical harmonics is used as a basis:
where ~k is a basis function, lI,(r, E,) is the regular solution of the radial
II
Schroedinger equation for energy E[ and the spherical part of the potential inside
the corresponding atomic sphere, a~ ttl r, E,) is the energy derivative of u,
[
taken at energy E" ~m are the standard spherical harmonic functions of the
polar and azimuthal angles eand ~ for orbital angular momentum quantum
numbers 1~ 0 and Iml ~ 1, r is the radial coordinate, and A'm. and B'm are
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functions of kn determined by requiring that this basis function matches (in value
and slope) the corresponding basis function of the interstitial region. The ~l are
defined as
k =k+K
n /I (2)
where k is a vector in the first Brillouin zone and [(,/ is a reciprocal lattice
vector. In the interstitial space, a plane wave expansion is used:
i k • r
n
(3)
e~k = e-
II 'Y CO
where co is a normalization constant. The solutions to the Kohn-Sham equations
are expanded in this combined basis set as
(4)
and the expansion coefficients e/l are determined by the Rayleigh-Ritz
variational principle. For details, see [36,37]. The calculations were performed at
the spin-polarized level, in order to correctly account for the open shell systems
(e.g. transition metals). In this case, the spin-up and spin-down manifolds are
solved independently.
These calculations used the generalized gradient approximation (GGA)
functional of Perdew-Burke-Emzerhof [38]. The values of the muffin-tin radii,
Rm1, were chosen consistently as 2.0 a.u. for Si, 1.0 a.u. for 0, 0.7 a.u. for H, 2.0
a.u. for Co and 2.0 a.u. for Ni. Note that 1 a.u = 0.0529 nm. In each calculation,
the value of K.n.x, the largest reciprocal space vector included in the basis set
plane wave expansion (i.e. the largest ~1 used in equation equation (4» was
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chosen consistently throughout all calculations as 3.77 (Ry)1I2. The charge density
was expanded in 50,000 plane waves. Spherical harmonic functions ~11l with all
1:::; 6 were included in the atomic sphere basis expansions (see equation (1)). The
one-electron eigenfunctions were occupied using a Fermi-Dirac distribution
function corresponding to kT = 0.002 Ry. It should be noted that this corresponds
approximately to room temperature. The use of this occupation method greatly
enhances the speed of SCF convergence, while only negligibly affecting the
calculated properties. Densities of state (DOS) were calculated using the modified
tetrahedron method [39].
The FP-LAPW method is an all-electron method, but not all of the
electrons are treated identically. For each atom, electrons are calculated either as
core electrons or valence electrons. Core electrons, which lie more than -6.0 Ry
deep, are assumed to have negligible electron density outside the atomic spheres
and are treated fully relativistically. Valence electrons may have considerable
density in the interstitial space and are treated in a scalar relativistic manner (Le.
spin-orbit coupling is ignored). The core electrons were {[Ne]} for Si, {[He]} for
0, and {[Ne] 3s2} for Co and NL The valence electrons were {2s2 2p2} for Si, {2s2
2p4} for 0, {lsI} for H, {3p6 4s2 3d?} for Co and {3p6 4s2 3d8} forNi.
The geometry optimizations were performed using a damped Newton
method [40]. Each structure was fully optimized (Le. every atom in the unit cell
was allowed to relax) under the constraint that the force on each atom along each
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coordinate be less than 10 mRy/au. Structure optimization calculations were
performed at a single k-point, namely the [(000) point. A post-optimization
calculation was then performed on each structure using a 2x2x1 k-point grid, from
which all energies and properties reported herein were calculated. All
optimizations that included Ni used as a starting geometry the fully optimized
structure of the corresponding Co system, with Co replaced by Ni. The structures
with Ni were then fully optimized. The justification for such a method relies on
the fact that Co and Ni were found to bond in a very similar manner on the
siloxane (unhydroxylated) silica surface [21].
The unit cell used for all calculations was a hexagonal unit cell of
dimensions lal = Ibl = 0.529 nm, Icl = 1.501 nm, a = ~ = 90° and y = 120°. Due
to the fact that the plane waves are completely delocalized spatially, the unit cell
must necessarily be repeated periodically in all three dimensions. Therefore, a
large vacuum space must be kept between adjacent slabs, which is reflected in the
large value of the Icl parameter.
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III. Results and Discussion
A. Silica Surface Models
The model employed was a slab model of the silica surface, with unit cell
stoichiometry 0lSiOH)2. The model resembles a fully hydroxylated surface of
(Ul) ~-cristobalite and was adopted from structure II of [21]. Note that the
hydroxylation of the model corresponds to 8.2 hydroxyl groups per nm2 of the
silica surface. This can be compared to an experimental range of 4.2 - 5.7
hydroxyl groups per nm2of amorphous silica surface, as determined by Zhuravlev
for more than 100 samples [41].
Two different local energy minimum structures were identified: structure
(A), with hydroxyl groups that are not hydrogen bonded to one another and
structure (B), which contains pairs of hydrogen bonded hydroxyl groups on the
slab surface (see Figs. 1,2). The optimized geometries of structures (A) and (B)
are given in Tables 1 and 2, respectively.
The local structure of the surface models will be of interest, so we
proceed to describe it (see Figs. 1,2). The Si - Si distances are 0.311 nm in
structure (A) and 0.306 nm in structure (B), which is comparable to an
experimentally determined value of 0.308 nm [42]. In structure (A), the Si - 0
distances (of the Si - °-Si framework) range from 0.177 to 0.181 nm, while in
10
structure (B) the corresponding distances range from 0.178 to 0.181 nm. These
values are slightly larger than the experimentally determined average value for
Si - 0 distances in bulk ~-cristobalite of 0.161 nm [42]. The discrepancy is due to
the structural models chosen, whereby the silicon-bridging oxygen atoms are
displaced from their positions in the bulk material, leading to an overall more
stable surface model (see discussion regarding structure II in [21]). The
Si - 0 - Si angles range from 114° to 123° in structure (A) and 116° to 118° in
structure (B). These differ from the experimental value of 146.4° for Si - 0 - Si
angles in bulk ~-cristobalite [42] for the same reason that the Si - 0 distances
differ. In both structures (A) and (B), the Si - 0 distances of the hydroxyl groups
are slightly shorter than the Si - 0 distances in the Si - 0 - Si framework by
approximately 0.005 nm. The 0 - H distances in the hydroxyl groups are 0.097
nm. In structure (B), the distance between the 0 and H atoms that are
participating in the hydrogen bond is 0.207 nm, and the corresponding 0 - H - 0
angle is 148°. For comparison, Ugliengo et. al. theoretically determined an
optimal 0 - H distance of 0.198 nm and 0 - H - 0 angle of 176° for two
hydrogen bonded H3SiOH molecules [43]. In addition, each unit cell contains
what may be an additional weaker hydrogen bond, with a corresponding 0 - H
distance of 0.260 nm.
As expected, the hydrogen bonded structure (B) is more stable than the
non hydrogen bonded structure (A). In fact, it can be calculated that
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E(B) - E(A) = -0.17 eV, or, in chemical units, E(B) - E(A) = -16.4 kllmol. Since
each unit cell contains one strong hydrogen bond and possibly one weaker
hydrogen bond, we assume that most of the energy stabilization is provided by the
stronger hydrogen bond. (This can be justified by the fact that the 0 - H distance
is considerably shorter in the stronger hydrogen bond.) Thus, assuming that the
bulk of the energy stabilization is due to a single strong hydrogen bond in each
unit cell, the difference between structure A and structure B is the addition of
(approximately) a single hydrogen bond per unit cell. Thus, we have calculated
the energy of a hydrogen bond between adjacent hydroxyl groups on our model of
the silica surface to be -16.4 kllmol. The energy of a hydrogen bond between two
H3SiOH molecules was theoretically determined, using Hartree-Fock
methodology including electron correlation calculated at the second order Moller-
Plesset perturbation level, to be -23.4 kJ/mol [43]. Furthermore, the energy of a
hydrogen bond between vicinal hydroxyl groups on a (100) surface of
~-cristobalite was theoretically calculated, using Hartree-Fock methodology
including electron correlation via an a posteriori DFT approach, to be -25 kllmol
[44]. The fact that our results predict a smaller magnitude of the hydrogen
bonding interaction could is most likely due to a constraint on the positions of the
surface hydroxyl groups caused by the underlying silica framework, i.e. their
positions do not allow the attainment of an optimal hydrogen bonding interaction.
This is also hinted at by the fact that the 0 - H distances predicted by [43] and
12
[44] are shorter than the corresponding distance obtained in the present study and
the 0 - H - 0 angles predicted by [43] and [44] are closer to 180°. Note that
... ~
optimal hydrogen bonds are generally linear, i.e. they possess 0 - H - 0 angles of
180° [45]. Alternatively, the discrepancy could be the results of either (i) over
prediction of the magnitude of the interaction by Hartree-Fock methods, which
were used in [43] and [44], or (ii) under prediction of the magnitude of the
interaction by our computational method.
Structure (A) was tested for its stability with respect to the removal of
hydrogen atoms. This was accomplished by taking the optimized structure (A)
geometry, removing the two hydrogen atoms from the unit cell, and perfonning a
single point energy calculation (i.e. without geometry optimization) of the
resulting structure, which had stoichiometry 03(SiO)2' Furthennore, the energy of
a single hydrogen atom was calculated. When using the FP-LAPW method, the
energy of an isolated atom is calculated by placing a single atom at a center of a
large unit cell, in this case a cube with side length 0.8 run. The energy change
L\E(5) of the reaction
(5)
can subsequently be calculated as L\E(5) = E(OlSiO)2) + 2E(H) - E(A), where E
denotes total calculated energy per unit cell, (A) denotes structure (A), and
chemical fonnulas denote the stoichiometry of the unit cell. The result is
calculated as L\E(5) = +10.92 eV. Note that although the reaction is written as
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occurring within the stoichiometry of the unit cell, the energy is calculated for an
infinite slab in which each unit cell undergoes the indicated reaction. Since
reaction (5) is simply the breaking of two 0 - H bonds in each unit cell, we can
calculate the energy of each 0 - H bond in structure (A) as -5.46 eV. To further
study the stability of structure (A) with respect to the loss of hydrogen, we
consider the reaction
(6)
which has an associated energy change of ~E(6) = +6.40 eV, indicating that it is.
energetically unfavorable for the 0 - H hydroxyl bonds of structure (A) to be
broken. It should be noted that ~E(6) was calculated as ~E(5) + ~E(7), where
~E(7) = -4.52 eV is the experimentally determined energy change of reaction (7)
[46].
(7)
Due to the fact that structure (B) is stabilized relative to structure (A) by
hydrogen bonding, it can be concluded that the reaction
(8)
has an associated large, positive energy change (~E(8) is likely greater than
~E(6», so structure (B) is also quite stable with respect to the removal of
hydrogen.
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The silica surface models were chosen to resemble the (111) ~-cristobalite
surface, since amorphous silica often locally possesses the cristobalite structure
[47]. Furthermore, the computational method employed in this study severely
limits the size of the unit cell that can be used, so high-symmetry surface models
were required. The models are not expected to be exact models for real sHanol
surfaces. However, the local geometry surrounding the metal adsorption sites is
quite reasonable, and thus the calculations can be expected to produce reliable
results concerning metal-support interactions occurring at low metal coverage.
The primary limitation of our silica surface models is due to the fact that the small
size of the unit cell imposes unnatural symmetries in the overall structure of the
system. For example, the hydroxyl groups form six-ring windows on the surface,
but not ali six of the hydroxyl groups are independent. Because the six-ring
window is composed of translations of three copies of the primitive unit cell, only
two of the six hydroxyl groups can be moved independently.
B. Geometry of Metal - Silica Structures
The adsorption of neutral Co and Ni atoms on structures (A) and (B) was
studied at the coverage of one metal atom per unit cell, i.e. the unit cell had
stoichiometry OlSiOH)2M, where M = Co or Ni. This can be considered as "half-
monolayer" coverage, since the metal atom:hydroxyl group ratio is 1:2. The
optimized geometries were quite similar for both metals. In addition, the
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adsorption of the metal atoms on structures with the hydroxyl hydrogen atoms
removed was also studied. In this case, the unit cell stoichiometry was 03(SiO)2M,
making the adsorbed metal atom formally ionic. Note that the "neutral" adsorbed
metals have a formal charge of zero, while the "ionic" adsorbed metals have a
positive formal charge of+2.
1. Neutral Co/Ni Adsorbed on Structure (A)
In the case of both metals, an energy minimum was found with the metal
atom coordinated to two oxygen atoms of surface hydroxyl groups. The fully
optimized geometries of 03(SiOH)2Co(A) and OlSiOH)2Ni(A) are given in
Tables 3 and 4, respectively. The metal atom is located approximately equidistant
from the two coordinating oxygen atoms, with an average Co - 0 distance of
0.203 nm and an average Ni - 0 distance of 0.200 nm. The plane defined by a
metal atom and its two coordinating oxygen atoms is approximately perpendicular
to the slab surface. The 0 - M - 0 angle is 870 for M = Co and 900 for M = Ni
(see Figs. 3,4). It should be noted that an angle of 900 is found between adjacent
ligands in an octahedral complex. The geometry of the silica surface relaxes very
little upon metal adsorption, with the most significant relaxation being the
lengthening of the Si - 0 bonds to hydroxyl oxygen atoms by 0.007 nm. The Si -
Si distance decreases by 0.002 nm upon adsorption of either metal, and the
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geometry of the hydroxyl groups remains nearly unchanged as compared to
structure (A).
2. Neutral Co/Ni Adsorbed on Structure (B)
Geometries of Co/Ni adsorbed on structure (B) were fully optimized;
optimized structures are given in Tables 5 and 6. Once again, the geometries are
very similar for the two different metals. Here, the metal atom is coordinated to
only a single hydroxyl oxygen atom, with a corresponding Co - 0 distance of
0.202 nm and Ni - 0 distance of 0.198 nm (see Figs. 5,6). Upon adsorption of
either metal atom, the Si - 0 distance of the oxygen atom coordinated to the metal
lengthens by 0.009 nm. The adsorption of the metal atom is accompanied by a
lengthening of the hydrogen bond between hydroxyl groups, since the 0 - H
distance of the hydrogen bonded atoms increases from 0.207 nm to 0.223 nm for
03(SiOH)2Co and 0.220nm for 0lSiOH)2Ni. The lengthening of the hydrogen
bond indicates that the hydrogen bonding interaction between surface hydroxyl
groups is weakened by the adsorption of metal atoms.
3. Ionic Co/Ni Adsorption
The adsorption of Co and Ni on the silica surface coupled with the
removal of hydroxyl hydrogen atoms was studied. This was achieved by simply
removing the hydrogen atoms from the surface hydroxyl groups and introducing a
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metal atom into the unit cell. Since the only significant difference between
structure (A) and structure (B) was the orientation of the surface hydroxyl groups,
the two structures are nearly identical upon the removal of hydrogen atoms.
Therefore, subsequent relaxation of geometries originating from structures (A)
and (B) could be expected to converge to identical local minima. Thus, the
optimizations of the following structures proceeded using the geometry of
structure (A), removing the hydrogen atoms, and introducing the metal atoms into
the structure. It will often be useful to consider these structures as being formed
from neutral ColNi adsorbed on structure (A) by the removal of hydroxyl
hydrogen atoms. The fully optimized geometries are given in Tables 7 and 8, and
the structures of the adsorbed metals are shown in Figures 7 and 8. In each case,
the metal atom is coordinated strongly to two oxygen atoms (the two oxygen
atoms that were previously part of hydroxyl groups) and weakly to a third oxygen
atom of the underlying silica framework. In this case, the formal charge of the
metal atom is +2. It should be noted that the unit cell used in the calculation was
neutral, i.e. possessed a net charge zero.
It is important to note that the existence of such silica surface complexes
of cobalt and nickel atoms strongly coordinated to two oxygen atoms was
proposed by experimentalists studying Co/Si02 and Ni/Si02 catalysts [24,27].
Furthermore, experimental evidence for cobalt atoms bound to a silica surface via
18
two oxygen bonds was found by Rebenstorf using infra-red (IR) absorption
spectroscopy to study ionic cobalt adsorbed on the surface of silica gels [48].
For ease of notation, let O(h) denote the oxygen atoms that lost hydroxyl
hydrogen atoms and are bonded to a single silicon atom, and let O(t) denote
oxygen atoms in the silica framework bonded to two silicon atoms that are weakly
coordinated to metal atoms. As mentioned above, each metal atom is strongly
coordinated to the two oxygen atoms that have lost their hydroxyl hydrogen
atoms; the Co - O(h) distances are 0.183 nm and the Ni - O(h) distances are
0.185 nm. In addition, each metal atom lies directly above the oxygen atom in the
silica framework to which it is weakly coordinated. The M - O(t) distance is
0.270 nm for M = Co and 0.224 nm for M = Ni, indicating that the nickel atoms
interact more strongly than the cobalt atoms with the oxygen in the underlying
silica framework. The O(h) - Co - O(h) angle is 122° and the O(h) - Co - O(t)
angles are 78°. Similarly, the O(h) - Ni - O(h) angle is 122° and the
O(h) - Ni - O(t) angles are 86°.
Upon adsorption of cobalt, the Si - O(h) distances lengthen by 0.004 nm,
the Si - Si distances shorten by 0.003 nm, and the Si - O(t) distances lengthen by
0.004 nm. Upon adsorption of nickel, the Si - O(h) distances are unaffected, the
Si - Si distances lengthen by 0.01 nm, and the Si - O(t) distances lengthen by
approximately 0.008 nm. The Si - O(h) distances are shorter when nickel is
adsorbed than when cobalt is adsorbed because the stronger interaction of the Ni
19
atom with the O(t) atom pulls the Ni atom towards the silica framework. The
same interaction causes the O(t) atom to be 0.040 nm below the plane of the
silicon atoms when Ni is adsorbed, compared to 0.055 nm below when Co is
adsorbed.
C. Adsorption Energies
Here we consider the energies of the studied interactions between
cobalt/nickel and the hydroxylated silica surface models. The interactions will be
represented as chemical reactions, and the energy assigned to each reaction is
simply the change in energy (at absolute zero) associated with the reaction, i.e.
~E(reaction) = E(products) - E(reactants) (9)
Table 9 lists all of the calculated reactions and their corresponding changes in
energy. In many cases, ~E will correspond to an adsorption energy. Although the
constituents of each reaction represent the stoichiometry of the unit cell, the
energy associated with each reaction corresponds to the reaction taking place
identically in each periodic translation of the unit cell.
In order to calculate the adsorption energies of the metal atoms on the
surface, it was necessary to calculate the energy of isolated metal atoms. This
energy was calculated by placing the atom at the center of a large unit cell of
dimensions 0.8 nm by 0.8 nm by 0.8 nm. Since the periodicity of such a
calculation is a consequence of the fact that the plane waves are completely
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delocalized, the single atom calculations were performed at only one k-point, the
r(OOO) point.
1. Neutral ColNi Adsorption on Structure (A)
The adsorption of cobalt on surface model structure (A) corresponds to the
unit cell reaction SI (see Table 9). Similarly, the adsorption of nickel on structure
(A) corresponds to the reaction S2. Note that LlE(SI) = -1.68 eV and LlE(82) = -
1.46 eV are the adsorption energies of Co and Ni on the surface model structure
(A). These energies represent the stabilization that occurs when isolated metal
atoms are adsorbed at a concentration of one metal atom per unit cell (0.5 metal
atoms per surface hydroxyl group).
Using the same size unit cell and similar computational methods, Ma et at.
calculated the adsorption energy of neutral Co and Ni on the unhydroxylated
siloxane silica surface to be -1.90 eV and -1.74 eV, respectively [21]. The more
stable interaction of the metal atoms with the siloxane surface can be explained by
the local coordination around the metal atoms. Upon adsorption onto the
hydroxylated sHanol surface, each metal atom is coordinated to two oxygen
atoms, while upon adsorption onto the unhydroxylated siloxane surface each
metal atom is directly coordinated with three oxygen atoms [21].
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2. Neutral Co/Ni Adsorption on Structure (B)
Recall that the surface silica model structure (B) possessed hydrogen
bonds between surface hydroxyl groups. Adsorption of Co/Ni on structure (B) can
be described by reactions 83 and 84, respectively (see Table 9). The energies
~E(83) = -1.19 eV and ~E(84) = -1.00 eV are the adsorption energies of Co and
Ni on structure (B), respectively, at a coverage of one metal atom per unit cell, or
0.5 metal atoms per surface hydroxyl group.
Both metals have a stronger interaction with structure (A) than structure
(B); cobalt adsorbs 0.49 eV more strongly and nickel adsorbs 0.46 eV more
strongly. This is due to that fact that the metal atoms adsorbed on structure (A) are
coordinated to two oxygen atoms, while the metal atoms adsorbed on structure
(B) are coordinated with only a single oxygen atom. The hydrogen atoms that
participate in the hydrogen bonding of structure (B) prevent the metal atoms from
coordinating with both hydroxyl group oxygen atoms. Furthermore, as indicated
by the increase of the 0 - H hydrogen bond distance upon metal adsorption, the
hydrogen bonds on the surface of structure (B) are destabilized.
3. Ionic Co/Ni Adsorption & Removal of Hydrogen
The adsorption of Co/Ni on structure (A) coupled with the removal of
hydroxyl group hydrogen atoms was studied. The corresponding chemical unit
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cell reactions are reactions S5 and S6 (see Table 9). The energies of reactions S5
and S6 were calculated as, e.g.
~E(S5) =E(03(SiO)zCo) + 2E(H) - E(03(SiOH)z(A)) - E(Co) (10)
Since structures (A) and (B) are nearly identical after the removal of hydrogen,
we can deduce the energies of reactions S7 and S8 from the energies of reactions
S5 and S6, using the fact that structure (B) is 0.17 eV more stable than structure
(A).
The fact that the energy changes of reactions S5 through S8 are all
positive indicates that such reactions would not occur spontaneously. However, it
is possible that the hydrogen atoms removed from the surface hydroxyl groups
could form molecular hydrogen upon their release. The consequence would be to
add an additional thermodynamic driving force of ~E(7) = -4.52 eV to each of the
reactions, yielding the overall reactions S9 through S12. Thus, the adsorption of
the metal atoms coupled with the release of atomic hydrogen is unfavorable
energetically. However, if the adsorption of the metal atoms is coupled to the
release of molecular hydrogen, the result is a very thermodynamically favorable
chemical reaction.
In order for reactions S9 through S12 to occur at a significant rate, the
activation barrier must not be too high. For example, consider reaction S9. If this
reaction proceeds by a two step mechanism
03(SiOH)z(A) + Co -7 03(SiO)zCo + 2H -7 03(SiO)zCo + Hz (11)
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(13)
then the barrier to reach the intermediate will be very high (+1.27 eV). The only
way reaction S9 could have a smaller activation barrier is if the reaction can
proceed via a concerted reaction mechanism. The process envisioned involves
two steps:
03(SiOHMA) +Co -7 03(SiOH)2Co(A) -7 0lSiO)2Co +H2 (12)
First, reaction S1 proceeds, producing the stable intermediate species
0lSiOH)2Co. The second step involves the two hydroxyl group hydrogen atoms
forming molecular hydrogen and leaving the surface, while the metal atom
simultaneously moves to (weakly) coordinate with a third oxygen in the
underlying silica framework. Whether or not a reaction could proceed in this
manner cannot currently be answered. Reaction S10, of course could occur in a
completely analogous manner.
The routes by which reactions Sll and S12 could proceed, however, are
more difficult to determine. Since the behavior of Co and Ni is clearly analogous,
we consider here reaction S11. The most feasible possibility is the following.
First, structure (B) converts to structure (A), then Co is adsorbed, and finally
molecular hydrogen is released:
0lSiOHMB) + Co -7 03(SiOH)lA) + Co
-7 0lSiOH)2Co -7 03(SiO)2Co +H2
Note that the last two steps are given by (12). Also, note that structure (A) is less
stable than structure (B) by 0.17 eV, so the first step in the reaction is not
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energetically favorable. At finite temperature, however, one can expect that the
breakage of the hydrogen bonds in structure (B) could occur transiently due to
available thermal energy or could be assisted by metal adsorption. Once the
hydrogen bond is broken, the hydroxyl groups are free to rotate about the Si - 0
bonds, and structure (B) could be transiently converted to structure (A).
As calculated above, the reactions S9 through S12 are associated
with a large negative change in energy. It should be noted that this energy
represents a genuine interaction between the metal atoms and the silica surface.
More specifically, since reactions (6) and (8) are endothennic, it can be concluded
that the energy liberated by reactions S9 through S12 represents a strong metal-
silica interaction, and is not simply due to the energy liberated by the fonnation of
molecular hydrogen.
D. Analysis of Bonding Interactions
1. Neutral Co/Ni Adsorption
The calculated adsorption energies of formally neutral Co and Ni atoms on
structures (A) and (B) are given by dE(S1) through dE(S4). In each case, the
dominant contribution to the adsorption energy is the stabilization of the metal 4s
orbitals upon adsorption. Table 10 summarizes these relationships, and Appendix
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A describes the methodology for determining the metal 48 stabilization energy.
Both metals are adsorbed more strongly on structure (A) than structure (B). This
correlates with the fact that the metal 4s orbital stabilization is of greater
magnitude in the structure (A) adsorbed complexes than it is in the structure (B)
adsorbed complexes. In each instance, the primary contribution to the metal 4s
orbital stabilization is provided by the stabilization of the metal 4s spin-down
orbital. Furthermore, the adsorption energies are correlated to the coordination
number of the adsorbed metal atoms. In general, increasing the number of oxygen
atoms with which the metal atoms are coordinated will increase the stability of the
adsorbed complex and thus increase the magnitude of the adsorption energy.
More evidence for this relationship is provided by noting that Ma et al. calculated
adsorption energies ofCo/Ni as -1.90 eV and -1.74 eV, respectively, on a similar
model of unhydroxylated silica, where each metal atom was adsorbed in
coordination with three oxygen atoms [21].
As discussed above, the dominant contribution to the adsorption energies
of neutral Co/Ni on both structures (A) and (B) is the stabilization of the metal 4s
orbitals. Further details are provided by an examination of the orbital
contributions AllIl of each angular momentum I value of each atom to the bonding
metal 4s orbital (see equation (1». Tables 11 and 12 list the contributions of
selected atomic orbitals, reported in terms of the coefficients A1m ' to the bonding
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metal 4s orbitals. It should be noted that the actual contribution of the metal 3d
orbitals to the bonding metal 4s orbital is less significant than indicated in the
tables. This is due to the fact that the A1m coefficients only take into account the
electron density within the atomic spheres, and most of the metal 3d orbital
electron density is contained within the metal atom atomic spheres, while the
other valence orbitals considered in Tables 11 and 12 possess significant electron
density in the interstitial space. An analysis of the orbital contributions to the
bonding metal 4s orbitals indicate that the primary electronic bonding interaction
occurs between the occupied metal 4s orbitals and the empty Si 3s - 0 2s/2p
antibonding orbitals of the underlying silica framework. The primary orbital
interactions are, qualitatively, very similar whether the metals are adsorbing onto
surface structure (A) or (B), although the magnitude of the interaction between
the metal and silica orbitals is larger in the case of adsorption on structure (A). In
each case, the most dominant contribution of the silica surface to the metal 4s
bonding orbital is provided by the Si 3s orbitals.
An analysis of the band structure and "band character" plots yields
additional information about the electronic structure of the adsorbed metal
complexes. For comparison, the band character plots of optimized silica surface
model structures (A) and (B), in the absence of adsorbed metal atoms, are given in
Figures 9 and 10, respectively. Note that the valence band structure of silica
surface model structures (A) and (B) are very similar. The top of the valence band
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(TVB) is composed of contributions from oxygen 2p orbitals. The occupied Si 3s
bonding orbitals lie just more than 6 eV below the TVB 'and are not visible in the
figures. The empty Si 3s antibonding orbital, which contains minor contributions
from the oxygen 2p atomic orbitals, lies 3.3 eV above the TVB. The positioning
of the Si 3s antibonding orbital is critical in determining the nature of the
interaction ofneutral metal atoms with the silica surface.
As discussed above, the interaction ofCo/Ni with structures (A) and (B) is
qualitatively independent of the metal atom and the silica surface structure. The
differences in adsorption energies are due not to different interactions, but rather
are due to the same interactions occurring to differing degrees. The band structure
plots further support this conclusion. Figures 11-18 display the "band character"
plots for the four considered neutral metal/silica adsorbate structures ((Co or Ni
adsorbed on structure (A) or (B)). Note that the spin-up and spin-down manifolds
must be considered separately, because the introduction of the metal atoms causes
the system to be an open-shell system.
In every case, the metal 3d bands are flat within the Brillouin zone, Le.
they have very little dispersion throughout the zone. The metal 4s bonding orbital,
however, shows considerable dispersion throughout the Brillouin zone and is
most stabilized near the r point. It is found that the metal 4s bonding orbital
contains contributions from Si 3s and 0 2p atomic orbitals, confirming the orbital
analysis results at the r point presented above. Depending on their relative
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positions, the metal 3d orbitals and the metal 4s bonding orbital may overlap.
Since the spin-down 3d orbitals are less stable than the spin-up 3d orbitals, this
overlap always occurs in the spin-down manifold of the adsorbed complexes. In
fact, at the r point of the spin-down manifold, the metal 4s bonding orbital is in
every case more stable than the metal 3d orbitals. Although the metal bonding 4s
orbital is lower in energy relative to the TVB in the structure (B) adsorbates than
in the structure (A) adsorbates, the orbital is stabilized, relative to the 4s orbital of
the free metal atoms, to a greater degree in the structure (A) adsorbates (see Table
10).
2. Ionic ColNi Adsorption
As above, the interactions of cobalt and nickel with the silica surface are
quite similar. The discussion of the electronic structure of the adsorbed "ionic"
metals will include many comparisons with the structure of the adsorbed neutral
metals on structure (A). Recall that the primary difference between the system of
neutral metal atoms adsorbed on structure (A) and "ionic" adsorbed metal atoms
is the absence of hydroxyl hydrogen atoms in the latter case. Furthermore, the
most feasible method of forming the "ionic" adsorbed metal structures from free
metal atoms and the hydroxylated sHanol silica surface would include the neutral
metals adsorbed on structure (A) as an intermediate. The primary focus of our
analysis will be the "band character" plots, which are displayed in Figures 19-22.
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Before considering the nature of the interactions of the adsorbed "ionic"
metal atoms with the silica surface model, some justification will be provided that
the adsorbed "ionic" metal atoms are indeed more ionic in nature than the
adsorbed "neutral" metal atoms. First, as noted before, the adsorption of neutral
metal atoms onto silica surface model structure (A) yields adsorbed metals with a
formal neutral charge. The removal of the hydroxyl hydrogen atoms from the
model places a formal charge of +2 on each metal atom. The actual charge on
each "ionic" metal atom will be much smaller in magnitude than the formal
charge. However, the calculations support a conclusion that the metal atoms do
indeed become more positive upon the removal of hydrogen atoms and
subsequent structural relaxation. Table 13 lists the total electronic charges within
selected atomic spheres for the cases of the relaxed surface model (A), neutral
metal atoms adsorbed on structure (A) and "ionic" metals atoms adsorbed on the
silica surface. Since only electronic charge contained within the atomic spheres is
taken into account, the atomic sphere charges cannot be taken as a quantitative
measure of the total atomic charges. However, the atomic sphere charges provide
sufficient information to allow for a meaningful comparison between similar
calculations. The total electronic charge within the metal atom atomic spheres is
smaller in the case of the adsorbed "ionic" metals by 0.05 electrons/atom for Co
and 0.08 electrons/atom for Ni. Note that a decrease in the total electronic charge
associated with an atom is identical to an (positive) increase of that atoms total
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charge, since the positive nuclear charge remains unchanged. While metal 3d
orbitals are nearly completely contained in the atomic spheres, the metal 4s orbital
density is primarily contained within the interstitial space. (Note that the inclusion
of an additional 3d electron into the system, equivalent to replacing Co with Ni,
adds approximately one electron of charge to the metal atomic sphere while
having a much smaller effect on the interstitial electron density.) Thus, a change
in the interstitial electron density can be (loosely) correlated with the change in
metal 4s electron density. In fact, the adsorbed "ionic" metal atom systems
contain about 1.3 less of electron density within the interstitial space than the
neutral metal atom systems, indicating that the ionic nature of the adsorbed metal
atoms is associated with a significant decrease in the metal 4s electron density.
Thus, it can be concluded that the "ionic" adsorbed metal atoms are in fact more
ionic (more positively charged) than the corresponding neutral adsorbed metal
atoms.
The ionic nature of the adsorbed metal atoms is responsible for a number
of electronic features that are quite distinct when compared to the adsorption of
the neutral metal atoms. First, we consider the metal 4s orbitals. As in the case of
neutral metal adsorption, these orbitals are stabilized near the r point due to
interactions with the empty Si 3s - 02s/2p antibonding orbital. However, due to
the ionic nature of the adsorbed metal atoms, the metal 4s orbitals are unoccupied,
i.e. the metal 4s orbitals lie above the Fermi energy EF, and therefore do not
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contribute to the adsorption energy of the metals on the surface. Furthermore,
throughout the Brillouin zone, the metal 4s orbitals are higher in energy than the
metal 3d orbitals, for both the spin-up and spin-down manifolds of each adsorbed
metal.
Contrary to the case of adsorbed neutral metal atoms, the adsorbed "ionic"
metal 3d bands show dispersion throughout the Brillouin zone, indicating that the
bands are participating in electronic interactions. These interactions stabilize the
metal 3d orbitals to the point that the metal 3d bands approach the 0 2p bands that
form the top of the valence band. With respect to the TVB, the center ofweight of
all five spin-up metal 3d orbitals is stabilized by 1.40 eV for Co and 2.13 eV for
Ni as compared to the neutral adsorbed metals on surface model structure (A).
Similarly, the center of weight of the spin-down metal 3d orbitals is stabilized by
2.11 eV and 2.17 eV for Co and Ni, respectively. An analysis of the "band
character" plots (Figs. 19-22) indicates that the metal 3d orbitals interact and mix
with the oxygen 2p orbitals. In contrast with the adsorption of neutral metal
atoms, however, the most significant interaction occurs between the metal 3d
orbitals and the oxygen 2p orbitals of the oxygen atoms that are directly
coordinated with the metal atom, i.e. the oxygen atoms that were (prior to the
removal of hydrogen atoms) composing the surface hydroxyl groups.
Comparison of the spin-up and spin-down manifolds reveals that the
admixture of metal 3d bands and oxygen 2p bands occurs more significantly in
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the spin-up manifolds, regardless of the identity of the adsorbed metal (Co or Ni).
This indicates that some of the net spin of the metal atoms is being transferred to
the neighboring oxygen atoms. Table 14 lists the net spin density, defined as the
spin-up density minus the spin-down density, within selected atomic spheres. The
silica surface model structure (A) has zero net spin density everywhere because
the system is a closed-shell system. The introduction of adsorbed neutral metal
atoms to structure (A) maintains nearly zero net spin density within the non-metal
atomic spheres; the net spin density is contained almost entirely within the metal
atomic spheres and the interstitial space. This is in agreement with the fact that
the metal 3d orbitals do not interact significantly with the silica surface and the
fact that the metal 3d bands are flat within the Brillouin zone (since the net spin
density originates from the difference in occupation of the spin-up and spin-down
metal 3d bands). The removal of hydroxyl hydrogen atoms and the formation of
structurally relaxed adsorbed "ionic" metal atoms is accompanied by the transfer
of net spin density from the metal atoms to the neighboring oxygen atoms. In the
case of adsorbed "ionic" cobalt, significant amounts of net spin density are
transferred only to the oxygen atoms that are most directly coordinated to the
metal atoms, namely the oxygen atoms that previously were part of surface
hydroxyl groups. The adsorbed "ionic" nickel atoms, however, also transfer
significant net spin density to the oxygen atoms in the underlying framework that
they are directly (but weakly) coordinated to. This can be explained by the fact
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that the adsorbed "ionic" nickel atoms are more closely associated with oxygen
atoms in the underlying silica framework than the adsorbed "ionic" cobalt atoms
(see Sec. III.B.3).
The calculated total net spin density per unit cell, which can be defined as
net spin density integrated over the entire Brillouin zone, is reported in Table 15.
The calculations of free Co and Ni atoms correctly predict a total net spin density
of 3 for Co and 2 for Ni. The "ionic" metal adsorbate complexes also possess total
net spin densities of 3 and 2 for Co and Ni, respectively. However, the neutral
metal adsorbate complexes possess total net spin densities of smaller magnitude.
This can be explained by noting that the Fermi energy, EF, does not cross any
bands in the case of "ionic" adsorbed metals (see Figs. 19-22). As a consequence,
the total net spin density is necessarily an integral number of electrons. In the case·
of adsorbed neutral metals, however, the overlap of the metal 4s bonding orbitals
with the metal 3d bands near the Fermi energy causes bands in both the spin-up
and spin-down manifolds to be partially occupied (see Figs. 11-18). The overlap
and subsequent partial occupation of bands can lead to a reduction in the
magnitude of the total net spin density and allows the possibility of non-integral
total spin density.
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IV. Summary and Conclusions
The goal was to understand fundamental chemical interactions that control
the adsorption of free cobalt and nickel atoms onto a hydroxylated silanol silica
surface using spatially periodic ab initio all electron techniques. Throughout the
study, it was found that both Co and Ni interact in a similar manner with the
surface.
The adsorption ofneutral Co/Ni on the silica surface is primarily governed
by the stabilization of, the metal 4s bonding orbitals upon adsorption.
Interestingly, the same interactions are respo'nsible for the interaction of these
metals with the unhydroxylated siloxane silica surface [21]. The adsorption
energy is directly dependent upon the stabilization of the bonding metal 4s orbital,
which in tum depends upon how strongly the metal 4s orbitals interact with the
empty antibonding Si 3s - 0 2s/2p orbitals of the underlying silica framework.
This is directly related to the number of oxygen atoms with which each adsorbed
metal atom is coordinated. The metal 3d bands are flat throughout the Brillouin
zone and exhibit negligible interaction with silica surface.
Beginning (conceptually) with neutral metal atoms adsorbed on surface
model structure (A), the removal of hydroxyl hydrogen atoms and subsequent
relaxation results in further energetically favorable stabilization of the metal-silica
interaction and is accompanied by significant changes in the electronic
interactions governing the adsorption of the metal atoms on the silica surface. In
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this case, the ads?rbed metal atoms become formally ionic, and the metal 4s
orbitals are unoccupied, no longer contributing to the adsorption energy of the
metal atoms on the surface. Rather, the adsorption energy is dominated by the
interaction and admixing of the metal 3d orbitals with the coordinating oxygen 2p
orbitals. This interaction is accompanied by the transfer of net spin density from
the adsorbed metal atoms to surface oxygen atoms.
Thus, although the adsorption of neutral Co/Ni on the hydroxylated silanol
silica surface is weaker than the adsorption onto the unhydroxylated siloxane
silica surface, the possibility of forming "ionic" surface metal species via the
removal of surface hydroxyl group hydrogen atoms provides a possible route to
adsorbing the metal atoms with adsorption energies unattainable on the
unhydroxylated surface. Such a strong anchoring of the metal may help to
improve metal dispersion across the silica surface and avoid the unwanted effects
of metal agglomeration (sintering) on the surface. However, it should be noted
that the adsorption energies calculated in this study refer to the adsorption from
free, isolated metal atoms. Thus, the agglomeration of adsorbed "ionic" metal
atoms to form local regions of bulk metal on the surface may be energetically
favorable. In fact, this is basically the process that occurs in the reduction step in
the preparation of Co/Si02 and Ni/Si02 catalysts.
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Table 1. Positions of atoms in the unit cell of optimized structure (A), given as
fractional coordinates of the primitive translation vectors lal = Ibl = 0.529 nm,
lei = 1.501 run, a=B=90° and y = 120°.
Atom ! y ~
Si 0.0084 0.9960 0.0389
Si 0.3465 0.6738 0.0388
0 0.0279 0.3345 0.0198
0 0.6727 0.6869 0.0001
0 0.3233 0.9853 0.0000
0 0.9982 0.0281 0.1540
0 0.2983 0.6368 0.1535
H 0.9258 0.8353 0.1783
H 0.4217 0.8282 0.1785
Table 2. Positions of atoms in the unit cell of optimized structure (B), given as
fractional coordinates of the primitive translation vectors lal = Ibl = 0.529 nm,
lei = 1.501 nm, a=B=90° and y = 120°.
Atom ! Y ~
Si 0.0080 0.0070 0.0367
Si 0.3431 0.6744 0.0328
0 0.0299 0.3409 0.0018
0 0.6770 0.6937 0.0000
0 0.3267 0.9929 0.0010
0 0.9623 0.9660 0.1527
0 0.2760 0.6061 0.1459
H 0.0842 0.1653 0.1731
H 0.4116 0.7856 0.1758
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Table 3. Positions of atoms in the unit cell of optimized geometry of Co adsorbed
on structure (A), given as fractional coordinates of the primitive translation
vectors lal = Ibl = 0.529 nm, lei = 1.501 nm, a = ~ = 90° and y = 120°.
Atom ! Y. ~
Si 0.0131 0.9988 0.0335
Si 0.3485 0.6728 0.0338
0 0.0267 0.3351 0.0192
0 0.6771 0.6850 0.0002
0 0.3306 0.9893 0.0000
0 0.9931 0.0272 0.1539
0 0.2961 0.6393 0.1527
H 0.9247 0.8347 0.1785
H 0.4218 0.8298 0.1784
Co 0.1469 0.3261 0.2511
Table 4. Positions of atoms in the unit cell of optimized geometry ofNi adsorbed
on structure (A), given as fractional coordinates of the primitive translation
vectors lal =Ibl =0.529 nm, lei = 1.501 nm, a = ~ =90° and y = 120°.
Atom ! Y. ~
Si 0.0141 0.9993 0.0333
Si 0.3499 0.6729 0.0332
0 0.0271 0.3355 0.0192
0 0.6782 0.6848 0.0000
0 0.3322 0.9897 0.0000
0 0.9885 0.0255 0.1532
0 0.2951 0.6398 0.1527
H 0.9252 0.8347 0.1785
H 0.4220 0.8298 0.1785
Ni 0.1488 0.3295 0.2473
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Table 5. Positions of atoms in the unit cell of optimized geometry of Co adsorbed
on structure (B), given as fractional coordinates of the primitive translation
vectors lal = Ibl = 0.529 TIm, lei = 1.501 nm, a= ~ = 90° and y = 120°.
Atom ! ~ ~
Si 0.0146 0.0097 0.0310
Si 0.3518 0.6770 0.0323
a 0.0385 0.3474 0.0027
a 0.6817 0.6964 0.0000
a 0.3420 0.0010 0.0049
a 0.9105 0.9168 0.1410
a 0.2721 0.6040 0.1509
H 0.0613 0.0743 0.1772
H 0.4149 0.7899 0.1771
Co 0.1794 0.4327 0.2750
Table 6. Positions of atoms in the unit cell of optimized geometry ofNi adsorbed
on structure (B), given as fractional coordinates of the primitive translation
vectors lal = Ibl = 0.529 nm, lei = 1.501 nm, a= ~ = 90° and y = 120°.
Atom ! ~ ~
Si 0.0146 0.0097 0.0310
Si 0.3518 0.6770 0.0323
a 0.0385 0.3474 0.0027
a 0.6817 0.6964 0.0000
a 0.3420 0.0010 0.0049
a 0.9105 0.9168 0.1410
a 0.2721 0.6040 0.1509
H 0.0613 0.0743 0.1772
H 0.4149 0.7899 0.1771
Ni 0.1789 0.4332 0.2721
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Table 7. Positions of atoms in the unit cell of optimized geometry of adsorbed
"ionic" Co, given as fractional coordinates of the primitive translation vectors
lal = Ibl = 0.529 nm, Icl = 1.501 nm, a = ~ = 90° and y= 120°.
Atom ~ y. ~
Si 0.0101 0.0005 0.0385
Si 0.3480 0.6728 0.0391
0 0.0309 0.3376 0.0026
0 0.6770 0.6889 0.0000
0 0.3292 0.9889 0.0036
0 0.9935 0.9850 0.1572
0 0.3542 0.6828 0.1579
Co 0.0224 0.3367 0.1826
Table 8. Positions of atoms in the unit cell of optimized geometry of adsorbed
"ionic" Ni, given as fractional coordinates of the primitive translation vectors
lal = Ibl = 0.529 nm, Icl = 1.501 nm, a = ~ = 90° and y= 120°.
Atom ~ y. ~
Si 0.0091 0.9904 0.0424
Si 0.3579 0.6851 0.0429
0 0.0248 0.3381 0.0161
0 0.6751 0.6883 0.0000
0 0.3287 0.9915 0.0033
0 0.9901 0.9817 0.1588
0 0.3540 0.6883 0.1591
Ni 0.0050 0.3373 0.1651
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Table 9. Surface reactions of ColNi with the silica surface. The reactants and
products ofeach reaction were calculated. The energy changes of the reactions,
~E, were calculated using equation (9) and are given in units of eV. The listed
stoichiometry refers to the stoichiometry of the unit cell. Note that 03(SiOHMi)
denotes surface model structure (i), 03(SiOH)2M(i) denotes neutral metal M
adsorbed on structure (i) and 0lSiO)2M denotes "ionic" metal M adsorbed on
structure (i) for i = A, Band M =Co, Ni.
Reaction Reactants Products AE
SI 03(SiOH)2(A) + Co ~ OlSiOH)2CO(A) -1.68
S2 OlSiOH)lA) + Ni ~ 03(SiOH)2Ni(A) -1.46
S3 0lSiOH)2(B) + Co ~ 03(SiOH)2CO(B) -1.19
S4 OlSiOH)lB) + Ni ~ 03(SiOH)2Ni(B) -1.00
S5 0lSiOH)2(A) + Co ~ 03(SiO)2CO + 2H +1.27
S6 OlSiOHMA) + Ni ~ 0lSiO)2Ni + 2H +2.24
S7 OlSiOH)lB) + Co ~ 0lSiO)2CO + 2H +1.43
S8 0lSiOH)2(B) + Ni ~ 03(SiO)2Ni + 2H +2.41
S9 0lSiOH)2(A) + Co ~ 03(SiO)2CO + H2 -3.25
SlO 03(SiOHMA) + Ni ~ 0lSiO)2Ni + H2 -2.28
Sl1 OlSiOH)lB) + Co ~ 0lSiO)2CO + H2 -3.08
S12 03(SiOH)lB) + Ni ~ 03(SiO)2Ni + H2 -2.11
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Table 10. Comparison of adsorption energies and 4s orbital stabilization energies
of adsorbed neutr~Co/Ni. All energies are given in eV and correspond to
energies at the r =(0,0,0) point in reciprocal space.. The metal4s orbital
stabilization is given for the spin-up and spin-down manifolds separately. The
total metal 4s orbital stabilization is also given. Note that a negative orbital
stabilization energy indicates that the orbital is stabilized upon adsorption
Metal Surface Model Adsorption Energy 4s Orbital Stabilization
!!.Q down total
Co A -1.68 -0.33 -1.39 -1.72
Ni A -1.46 -0.39 -1.49 -1.88
Co B -1.19 +0.09 -0.99 -0.91
Ni B -1.00 +0.23 -1.30 -1.07
Table 11. Contributions of specified atomic orbitals to the bonding metal 4s
orbital for the metal-structure (A) adsorbed complex. The contributions indicate
the relative contribution of each atomic orbital, given as the Afm coefficients in
equation (1), calculated at the r = (0,0,0) point in reciprocal space, within the
atomic spheres. Note that O(fr) denotes oxygen atoms in the underlying silica
framework.
Metal Model Spin Metal4s Si 3s O(fr) 2s O(fr) 2p Metal 3d
Co A up 3.17 5.23 2.07 3.72 29.87
Co A down 4.51 7.06 2.94 4.65 6.01
Ni A up 4.73 5.64 2.18 3.82 21.23
Ni A down 5.59 6.72 2.71 4.56 5.01
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Table 12. Contributions of specified atomic orbitals to the bonding metal4s
orbital for the metal-structure (B) adsorbed complex. The contributions indicate
the relative contribution of each atomic orbital, given as the Afill coefficients in
equation (1), calculated at the r =(0,0,0) point in reciprocal space, within the
atomic spheres. Note that O(fr) denotes oxygen atoms in the underlying silica
framework.
Metal Model Spin Metal4s Si3s O(fr) 2s O(fr) 2p Metal 3d
_Co B up 7.84 3.73 1.26 3.16 13.93
Co B down 7.61 1.92 0.88 1.72 19.95
Ni B up 5.65 5.87 2.17 3.84 18.52
Ni B down 10.2 1.77 0.76 1.78 12.58
Table 13. Total charges within atomic spheres, in units of electrons per atom
(electrons per unit cell for the interstitial charge). The "none" row refers to the
optimized structure (A) model. The "State" denotes whether the adsorbed metal
atom is formally neutral or ionic. The neutral metal calculations referred to in this
table are the metal atoms adsorbed on surface model structure (A). The interstitial
space is the complement of the union of all atomic spheres, i.e. it contains all
electron density not contained in an atomic sphere. Note that O(fr) denotes
oxygen atoms in the underlying silica framework and O(h) denotes oxygen atoms
in the surface hydroxyl groups.
Metal State Metal Si O(fr) O(h) Interst.
none 11.87 4.29 4.33 24.19
Co Neutral 25.16 11.84 4.3 4.33 26.07
Ni Neutral 26.34 11.84 4.3 4.33 25.89
Co Ionic 25.11 11.82 4.29 4.29 24.79
Ni Ionic 26.26 11.85 4.29 4.29 24.58
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Table 14. Total net spin density within atomic spheres, in units of electrons per
atom (electrons per unit cell for the interstitial net spin density). The "none" row
refers to the optimized structure (A) model in the absence of adsorbed metal. The
"State" denotes whether the adsorbed metal atom is formally neutral or ionic. The
neutral metal calculations referred to in this table are the metal atoms adsorbed on
surface model structure (A). The interstitial space is the complement of the union
of all atomic spheres, i.e. it contains all electron density not contained in an
atomic sphere. Note that O(fr) denotes oxygen atoms in the underlying silica
framework that are not coordinated to the adsorbed metal atom, O(f) denotes the
oxygen atoms in the silica framework that are weakly coordinated to the adsorbed
metal atom (in the "ionic" case) and O(h) denotes oxygen atoms in the surface
hydroxyl groups that are strongly coordinated to the metal atom.
Metal State Metal Si O(fr) Qill O(h) Interst.
none 0 0 0 0 0
Co Neutral 1.952 0.011 0.005 0.001 0.012 0.492
Ni Neutral 0.698 -0.002 -0.001 -0.002 0.004 -0.057
Co Ionic 2.362 0.008 0.004 -0.002 0.086 0.444
Ni Ionic 1.362 0.002 0.002 0.051 0.065 0.45
Table 15. Total net spin density, in units of electrons per unit cell. The "State"
denotes whether the adsorbed metal atom is formally neutral or ionic, and
neutral (i) denotes the neutral metal adsorbed on surface model structure (i). The
"free" state rows refer to calculations of isolated metal atoms.
Metal
Co
Ni
Co
Ni
Co
Ni
Co
Ni
State
free
free
neutral (A)
neutral (A)
neutral (8)
neutral (8)
ionic
ionic
Total Net Spin Density
3.00
2.00
2.50
0.64
2.51
0.50
3.00
2.00
49
Figure 1. Optimized geometry of silica surface model structure (A). The black
parallelogram indicates the unit cell with primitive translation vectors a and b and
the blue rectangle outlines the portion of the structure depicted in the "side view."
The following notation is used to denote the atoms: dark gray = Si; red = 0; light
grey=H.
Top View
Side View
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Figure 2. Optimized geometry of silica surface model structure (B). The black
parallelogram indicates the unit cell with primitive translation vectors a and b and
the blue rectangle outlines the portion of the structure depicted in the "side view."
The following notation is used to denote the atoms: dark gray = Si; red = 0; light
grey=H.
Top View
Side View
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Figure 3. Optimized geometry of neutral cobalt adsorbed on structure (A). The
black parallelogram indicates the unit cell with primitive translation vectors a and
b and the blue rectangle outlines the portion of the structure depicted in the "side
view." The following notation is used to denote the atoms: dark gray =Si; red =
0; light grey =H; green =Co.
Top View
Side View
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Figure 4. Optimized geometry of neutral nickel adsorbed on structure (A). The
black parallelogram indicates the unit cell with primitive translation vectors a and
b and the blue rectangle outlines the portion of the structure depicted in the "side
view." The following notation is used to denote the atoms: dark gray =Si; red =
0; light grey =H; green =Ni.
Top View
Side View
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Figure 5. Optimized geometry of neutral cobalt adsorbed on structure (B). The
black parallelogram indicates the unit cell with primitive translation vectors a and
b and the blue rectangle outlines the portion of the structure depicted in the "side
view." The following notation is used to denote the atoms: dark gray =Si; red =
0; light grey =H; green = Co.
Top View
Side View
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Figure 6. Optimized geometry of neutral nickel adsorbed on structure (B). The
black parallelogram indicates the unit cell with primitive translation vectors a and
b and the blue rectangle outlines the portion of the structure depi~ted in the "side
view." The following notation is used to denote the atoms: dark gray =Si; red =
0; light grey =H; green =Ni. .
Top View
Side View
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Figure 7. Optimized geometry of adsorbed "ionic" cobalt. The black
parallelogram indicates the unit cell with primitive translation vectors a and b and
the blue rectangle outlines the portion of the structure depicted in the "side view."
The following notation is used to denote the atoms: dark gray =Si; red =0;
green = Co.
Top View
Side View
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Figure 8. Optimized geometry of adsorbed "ionic" nickel. The black
parallelogram indicates the unit cell with primitive translation vectors a and b and
the blue rectangle outlines the portion of the structure depicted in the "side view."
The following notation is used to denote the atoms: dark gray = Si; red = 0;
green =Ni.
Top View
Side View
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Figure 9. Band structure plots for silica surface model structure (A), with "band character." The radius of
each circle in the plot indicates the contribution of the selected atomic orbitals at each k-point. (a) Silicon 3s
contributions. (b) Silicon 3p contributions. (c) Oxygen 2p contributions from an oxygen atom in the
underlying silica framework. (d) Oxygen 2p contributions from an oxygen atom ina hydroxyl group. The
standard notation is used to denote points in reciprocal space: [' = (0,0,0); ~ = (1/4,0,0); M = (1/2,0,0);
K = (1/2,112,0); A = (114,1/4,0). Ep indicates the Fermi energy.
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Figure 10. Band structure plots for silica surface model structure (B), with "bandcharacter." The radius of
each circle in the plot indicates the contribution of the selected atomic orbitals at eachk-point. (a) Silicon 3s
contributions. (b) Silicon 3p contributions. (c) Oxygen 2p contributions from an oxygen atom in the
underlying silica framework. (d) Oxygen 2p contributions from an oxygen atom in a hydroxyl group. The
standard notation is used to denote points in reciprocal space: r = (0,0,0); l: = (1/4,0,0); M = (1/2,0,0);
K = (1/2,1/2,0); A = (1/4,1/4,0). EF indicates the Fermi energy.
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Figure 11. Band structure plots for spin-up manifold of cobalt adsorbed on model structure (A), with "band
character." The radius of each circle in the plot indicates the contribution of the selected atomic orbitals at
each k-point. (a) Cobalt 4s contributions. (b) Silicon 3s contributions. (c) Oxygen 2p contributions from an
oxygen atom in the underlying silica framework. (d) Cobalt 3d contributions. The standard notation is used,
to denote points in reciprocal space: r = (0,0,0); L = (114,0,0); M = (112,0,0); K = (112,112,0);
A = (114,114,0). EF indicates the Fermi energy.
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Figure 12. Band structure plots for spin-down manifold of cobalt adsorbed on model structure (A), with
"band character." The radius of each circle in the plot indicates the contribution of the selected atomic
orbitals at each k-point. (a) Cobalt 4s contributions. (b) Silicon 3s contributions. (c) Oxygen 2p
contributions from an oxygen atom in the underlying silica framework. (d) Cobalt 3d contributions. The
standard notation is used to denote points in reciprocal space: r = (0,0,0); L = (1/4,0,0); M = (1/2,0,0);
K = (1/2,1/2,0); A = (1/4,1/4,0). EF indicates the Fermi energy.
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Figure 13. Band structure plots for spin-up manifold of nickel adsorbed on model structure (A), with "band
character." The radius of each circle in the plot indicates the contribution of the selected atomic orbitals at
each k-point. (a) Nickel4s contributions. (b) Silicon 3s contributions. (c) Oxygen 2p contributions from an
oxygen atom in the underlying silica framework. (d) Nickel 3d contributions. The standard notation is used
to denote points in reciprocal space: r = (0,0,0); ~ = (114,0,0); M = (1/2,0,0); K= (112,112,0);
A = (114,114,0). EF indicates the Fermi energy.
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Figure 14. Band structure plots for spin-down manifold ofnickel adsorbed on model structure (A), with
"band character." The radius of each circle in the plot indicates the contribution of the selected atomic
orbitals at each k-point. (a) Nickel4s contributions. (b) Silicon 3s contributions. (c) Oxygen 2p
contributions from an oxygen atom in the underlying silica framework. (d) Nickel 3d contributions. The
standard notation is used to denote points in reciprocal space: r = (0,0,0); ~ = (1/4,0,0); M = (1/2,0,0);
K = (1/2,1/2,0); A = (1/4,1/4,0). Ep indicates the Fermi energy.
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Figure 15. Band structure plots for spin-up manifold of cobalt adsorbed on model structure (B), with "band
character." The radius of each circle in the plot indicates the contribution ofthe selected atomic orbitals at
each k-point. (a) Cobalt 4s contributions. (b) Silicon 3s contributions. (c) Oxygen 2p contributions from an
oxygen atom in the underlying silica framework. (d) Cobalt 3d contributions. The standard notation is used
to denote points in reciprocal space: r = (0,0,0); L = (114,0,0); M = (112,0,0); K = (112,112,0);
A = (114,114,0). EF indicates the Fermi energy.
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Figure 16. Band structure plots for spin-down manifold of cobalt adsorbed on model structure (B), with
"band character." The radius of each circle in the plot indicates the contribution ofthe selected atomic
orbitals at each k-point (a) Cobalt 4s contributions. (b) Silicon 3s contributions. (c) Oxygen 2p contributions
from an oxygen atom in the underlying silica framework. (d) Cobalt 3d contributions. The standard notation
is used to denote points in reciprocal space: r = (0,0,0); L = (l/4,0,0); M =Jl/2,0,0); K = (l/2,1I2,0);
A = (1/4,114,0). EF indicates the Fermi energy.
(a) (b) (c) (d)
rA
.. ,:-'
K
· .... 1:, .... :, •......
.. J ..
. ...
M
....... ···:1· .... ·..
r EAK
· 1 ·•
M
1;I""'><.O.oooot·········t··· .. •• .. ,,"oooooooooo
~:::·:::·::::::I::::::,::I····:"'::··....
A
::::::::
K
::""1" .. ',, ....
ME
...........1······ 1 •• .. •••
...........l.;;:;:::.r::::::::::••••oo~ ::::::1
I· ...... ·.... :;;:1::" .....
rAKM
1.. ·.. · .... ·.... "::1:::::.:::1::.::,,,,·· .. ··
·3.0
4.01:::::1········:[ .. "... ·.·::-:-1 ....... ::::-:"..1:
·2.0
·5.0
-6.0
·7.0
·~.O
·9.0
r'-----y
·1.0
...... : .' . :f'··~:::::-5·~:::::>: .. '" ··········;t··~;·· 8" ; "··· o~_ •5.0 j:::': :"":""'" ::: :,,":~::: :::... '-e''':::: :::.,.-;:- .... ~. . _,e.::::.
::<... ".....>': ...>:'::~- ".< ;".:::: ..:::::;::::::: ::::::::: ;'~::::
I
~
~
&l
0\
VI
Figure 17. Band structure plots for spin-up manifold ofnickel adsorbed on model structure (B), with "band
character." The radius of each circle in the plot indicates the contribution ofthe selected atomic orbitals at
each k-point. (a) Nickel4s contributions. (b) Silicon 3s contributions. (c) Oxygen 2p contributions from an
oxygen atom in the underlying silica framework. (d) Nickel 3d contributions..The standard notation is used
to denote points in reciprocal space: r = (0,0,0); L = (1/4,0,0); M = (1/2,0,0);K = (1/2,1/2,0);
A = (1/4,1/4,0). EF indicates the Fermi energy.
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Figure 18. Band structure plots for spin-down manifold ofnickel adsorbed on model structure (B), with
"band character." The radius of each circle in theplot indicates the contribution ofthe selected atomic
orbitals at each k-point. (a) Nickel4s contributions. (b) Silicon 3s contributions. (c) Oxygen 2p
contributions from an oxygen atom in the underlying silica framework. (d) Nickel 3d contributions. The
standard notation is used to denote points in reciprocal space: r = (0,0,0); L = (1/4,0,0); M = (1/2,0,0);
K = (1/2,1/2,0); A = (1/4,1/4,0). EF indicates the Fermi energy.
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Figure 19. Band structure plots for spin-up manifold of adsorbed "ionic" cobalt, with "band character." The
radius of each circle in the plot indicates the contribution ofthe selected atomic orbitals at each k-point.
(a) Cobalt 4s contributions. (b) Cobalt 3d contributions. (c) Oxygen 2p contributions from an oxygen atom
in the underlying silica framework. (d) Oxygen 2p contributions from an oxygen atom adjacent to the metal
atom. The standard notation is used to denote points in reciprocal space: r = (O,O,O);:E = (1/4,0,0);
M = (1/2,0,0); K = (1/2,1/2,0); A = (1/4,1/4,0). EF indicates the Fermi energy.
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Figure 20. Band structure plots for spin-down manifold of adsorbed "ionic" cobalt, with "band character."
The radius of each circle in the plot indicates the contribution of the selected atomic orbitals at each k-point.
(a) Cobalt 4s contributions. (b) Cobalt 3d contributions. (c) Oxygen 2p contributions from an oxygen atom
in the underlying silica framework. (d) Oxygen 2p contributions from an oxygen atom adjacent to the metal
atom. The standard notation is used to denote points in reciprocal space: r = (0,0,0); l: = (1/4,0,0);
M = (1/2,0,0); K = (1/2,1/2,0); A = (1/4,1/4,0). Ep indicates the Fermi energy.
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Figure 21. Band structure plots for spin-up manifoldof adsorbed "ionic" nickel, with "band character." The
radius of each circle in the plot indicates the contribution of the selected atomic orbitals at each k-point.
(a) Nickel4s contributions. (b) Nickel 3d contributions. (c) Oxygen 2p contributions from an oxygen atom
in the underlying silica framework. (d) Oxygen 2p contributions from an oxygen atom adjacent to the metal
atom. The standard notation is used to denote points in reciprocal space: r = (0,0,0); ~ = (114,0,0);
M = (112,0,0); K = (1/2,112,0); A = (114,114,0). EF indicates the Fermi energy.
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Figure 22. Band structure plots for spin-down manifold of adsorbed "ionic" nickel, with "band character."
The radius of each circle in the plot indicates the contribution of the selected atomic orbitals at each k-point.
(a) Nickel4s contributions. (b) Nickel 3d contributions. (c) Oxygen 2p contributions from an oxygen atom
in the underlying silica framework. (d) Oxygen 2p contributions from an oxygen atom adjacent to the metal
atom. The standard notation is used to denote points in reciprocal space: r == (0,0,0); }:; == (114,0,0);
M = (1/2,0,0); K = (1/2,1/2,0); A = (1/4,1/4,0). EF indicates the Fermi energy.
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Appendix A - Metal 4s Orbital Stabilization
Here we describe the methodology employed to obtain the metal 4s
stabilization energies reported in Table 10. The same procedure was used to
evaluate the spin-up and spin-down manifolds of each of the four neutral adsorbed
metal cases (Co or Ni on structure (A) or (B)). The total metal 4s stabilization
energy for each case was determined by simply adding the metal 4s stabilization
of the spin-up and spin-down manifolds.
The procedure is performed by comparing the energy eigenvalues (at the f
point) obtained from calculations of the isolated metal atoms and calculations of
the metal-silica adsorbate complexes. Let X = energy in isolated metal atom
calculation and Y = energy in adsorbed metal calculation. In each case, the energy
(
refers to the energy at the f(OOO) point. Using the energies of the Is, 2s, 2pII2 and
2p3/2 core levels, a linear regression was performed to determine m and b in
equation (AI).
Y=mX+b (AI)
In each case, m == 1 (to better than 1 part in 105), so the difference between the
eigenvalues of the free and adsorbed metal atoms is simply a constant shift of b.
Let E = energy of metal 4s orbital in the isolated metal atom calculation and E' =
energy of metal 4s orbital in an adsorbed metal calculation. Then the 4s orbital
stabilization (8) reported in Table lOis defined in equation (A2).
8=E'-(mE+b)
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(A2)
Note that S is a function of the metal (Co or Ni), the surface model in the
adsorbate complex (structure (A) or (B)) and the spin manifold (up or down).
Also, note that S < 0 corresponds to an energetically favorable stabilization of the
metal 4s orbital upon adsorption.
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Appendix B - List of Computer Files
The following is a list of computer files containing the results discussed in
this document. Each directory and a description of its contents is given below.
Directory
sio2 cl 4k
co sioh b 4k
ni sioh b 4k
ico b 4k
ini b 4k
Contents
Calculation of optimized silica surface model
structure (A) at four k-points.
Calculation of optimized silica surface model
structure (B) at four k-points.
Calculation of optimized adsorbed neutral cobalt
metal on structure (A) at four k-points.
Calculation of optimized adsorbed neutral nickel
metal on structure (A) at four k-points.
Calculation of optimized adsorbed neutral cobalt
metal on structure (B) at four k-points.
Calculation of optimized adsorbed neutral nickel
metal on structure (B) at four k-points.
Calculation of optimized "ionic" adsorbed cobalt
metal at four k.,points.
Calculation of optimized "ionic" adsorbed nickel
metal at four k-points.
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Each of the above directories contains the following files:
File
*.struct
*.scf
*.scfJastcycle
*.helpxup
*.helpxdn
*.clmup
Description
The input structure file for a Wien97.9 calculation,
containing the unit cell dimensions and the
positions of all atoms within the unit cell.
The primary output file from a Wien97.9
calculation, containing output such as total energy,
forces on atoms, energy levels, etc.
This file contains all of the information of the *.scf
file for only the final SCF iteration.
Wien97.9 output files containing the coefficients of
equation (1) i.e. the contribution of each angular
momentum component of the (x-30)th atom listed
in the *.struct file to each spin-up valence band.
Wien97.9 output files containing the coefficients of
equation (1) i.e. the contribution of each angular
momentum component of the (x-30)th atom listed
in the *.struct file to each spin-down valence band.
A formatted Wien97.9 output file containing the
total spin-up electron density.
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*.c1mdn
*.c1msum
A formatted Wien97.9 output file containing the
total spin-down electron density.
A formatted Wien97.9 output file containing the
total electron density.
Each of the above directories also contains two subdirectories, labeled
bandstructure and dos. The bandstructure directory contains band structure plots,
with "band character," as output from the spaghetti program in Wien97.9 [36].
The files in the bandstructure directory are postscript files labeled as ijJ_m.ps,
where i denotes the identity of the atom (Si, 0, Co or Ni), j denotes the number of
the atom in the corresponding *.struct file, I denotes the angular momentum L
value for which the band character was plotted (s=O, p=l, d=2), and m denotes the
spin manifold which was plotted (up or down). The band structure plots in the
bandstructure directories have their energy scales referenced to the top of the
valence band (TVB) composed of oxygen 2p bands. Note that this differs from the
energy scale used in Figs. 9-22, where the energy was referenced to the Fermi
energy Er. In most of the above calculations, the Fermi energy lies a few eV
above the TVB. The dos directory contains projected density of states (DOS)
plots, as calculated by the tetra program in Wien97.9 [36]. The files in the dos
directory are postscript files labeled as ijJ_m.ps, where i denotes the identity of
the atom, j denotes the number of the atom in the corresponding *.struct file, I
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denotes the angular momentum L value for which the projected density of states
was plotted, and m denotes the spin manifold which was plotted. The DOS plots
in the dos directories have their energy scales referenced to Fermi energy Er.
The following directories contain results from calculations performed in
order to obtain total energies. Each directory contains the *.struct, *.scf,
*.scfJastcycle, *.helpxup, *.helpxdn, *.clmup, *.clmdn, and *.clmsum files.
Directory
h
co
m
si02 without h
- -
Contents
Calculation of isolated hydrogen atom in a 0.8 nm
cube at one k-point.
Calculation of isolated cobalt atom in a 0.8 nm cube
at one k-point.
Calculation of isolated nickel atom in a 0.8 nm cube
at one k-point.
Calculation of structure (A) with hydrogen atoms
removed, without structural relaxation, at four k-
points.
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